Introduction
Catalase-peroxidases (KatGs) are found in archaebacteria, eubacteria and fungi. On the basis of sequence similarities with fungal cytochrome c peroxidase (CCP) and plant ascorbate peroxidases (APXs), KatGs have been shown to be members of class I of the superfamily of plant, fungal and bacterial heme peroxidases (1) . Recently, the 2.0 Å crystal structure of the KatG from the archaebacterium Haloarcula marismortui has been published (2) . It clearly showed that in KatGs the conserved proximal amino The main difference in the enzymatic mechanism between catalases and peroxidases is compound I reduction. In a catalase cycle a second peroxide molecule is used as a reducing agent for compound I regenerating the native enzyme and releasing molecular oxygen (Reaction 2). Catalase-peroxidases have a predominant catalase activity (5-9) whereas no substantial catalase activity has ever been reported for either CCP or APX. Since with hydrogen peroxide compound I reduction (k 2 ) is much faster than compound I formation (k 1 ), even with a stopped-flow machine it is unlikely to monitor compound I formation of wild type KatG. Thus, under steady-state turnover conditions the ferric redox state dominates (8, 10) .
Recently, the role of distal Trp, Arg and His ( Fig. 1) was studied in the KatGs from
Escherichia coli (8, 10) and from the cyanobacterium Synechocystis PCC 6803 (10, 11) . The data presented in these papers suggest that the distal His and Arg in KatGs have a role in the heterolytic cleavage of hydrogen peroxide (Reaction 1) similar to other peroxidases (12) . By contrast, the distal Trp has been shown to be essential for H 2 O 2 oxidation, i.e. the two-electron reduction step of compound I back to the ferric protein (Reaction 2). The reasoning for this was based on the observations that in the Trp variants (i) the catalase activity was significantly reduced (8) or even lost (10, 11) , whereas (ii) the ratio of peroxidase to catalase activity was strongly increased (8, 10) indicating that compound I formation was not influenced by this mutation.
In the peroxidase reaction compound I is transformed in the first one-electron reduction to compound II containing either an oxoferryl (Fe an oxoferryl-type spectrum was observed allowing the determination of rate constants of both its formation (Reaction 3) and reduction (Reaction 4). The findings are compared to similar reactions of wild type KatG and other peroxidases and are discussed with respect to the prediction of novel covalent bonds in Haloarcula marismortui KatG (2) which include the conserved distal tryptophan and tyrosine ( Fig. 1) , and the recent report about the formation of tyrosyl radical(s) in
Mycobacterium tuberculosis
KatG during reaction of the resting enzyme with alkyl peroxides (14) .
MATERIALS AND METHODS

Reagents. Standard chemicals and biochemicals were obtained from Sigma Chemical
Co. at the highest grade available. Expression, purification of KatGs from
Synechocystis and spectrophotometric characterization of wild type and mutant proteins were described previously (6, 11) .
Mutagenesis. Oligonucleotide site-directed mutagenesis was performed using PCRmediated introduction of silent mutations as described (11) . A pET-3a expression
vector, that contained the cloned catalase-peroxidase gene from the cyanobacterium
Synechocystis PCC 6803 (6, 11) , was used as the template for PCR. At first unique restriction sites were selected flanking the region to be mutated. The flanking primers Spectroscopic studies. Optical spectra were recorded on a diode array spectrophotometer (Zeiss Specord S10) and a Hitachi U-3000 spectrophotometer equipped with a thermostated cell holder.
Circular dichroism studies were carried out using a JASCO J-600 spectropolarimeter. All reactions were also investigated using the diode-array detector (Applied Photophysics PD.1) attached to the stopped-flow machine and the XScan Diode Array Scanning v1.07 software. Typically, in these experiments the KatG concentration was
higher (e.g. 5 µM in the optical cell). Normal spectral data sets were also analyzed using the Pro-K simulation program from Applied Photophysics, which allows the synthesis of artificial sets of time dependent spectra as well as spectral analysis of enzyme intermediates.
EPR spectroscopy. Conventional 9-GHz EPR measurements were performed using a
Bruker ER 300 spectrometer with a standard TE 102 cavity equipped with a liquid helium cryostat (Oxford Instrument) and a microwave frequency counter (Hewlett Packard 5350B). Typically, the compound I samples were prepared by mixing manually 2.0 mM native enzyme (100 mM TRIS/maleate buffer, pH 8.0) with an excess (10 fold) of peroxoacetic acid, directly in the 4 mm-EPR tubes kept at 0°C.
The reaction was stopped by rapid immersion of the EPR tube in liquid nitrogen after
RESULTS AND DISCUSSION
Sequence analysis of all so far published katG genes as well as inspection of the recently published three-dimensional structure of Haloarcula marismortui KatG shows the existence of a conserved distal side tyrosine (Fig. 1) . Based on the observation of continuous electron densities in the X-ray structure it was suggested that this tyrosine is covalently bonded to adjacent tryptophan and methionine (2) . In detail, bonds between Cε1 of Tyr218 (Haloarcula numbering) and Cε2 of distal Trp95 as well as between Cε2 of Tyr218 and Sδ of Met244 were suggested, though tryptic digestion and mass spectrometry of the reaction products were unable to prove definitely the existence of these covalent bonds in Haloarcula KatG. Neither in CCP nor in APXs this distal tyrosine is found, whereas the distal methionine is found in all KatGs and APXs but not in CCP (Fig. 1B) . was comparable to that of other KatG variants produced so far (10, 11, 13 (17) .
Most interesting was the finding that upon addition of micromolar hydrogen peroxide
(1-5 µM) to 1 µM ferric Tyr249Phe KatG a red shift in the absorbance spectrum was observed in a conventional spectrophotometer (Fig. 4) (12), as indicated by the appearance of absorption bands at 414 nm, 542 nm and 576 nm (Fig. 4) . A comparable transition of native wild type Mycobacterium KatG to compound III has been reported (9) , but in these experiments very high concentrations (0.4 M) of hydrogen peroxide had to be added in order to produce a compound III spectrum with peaks at 418 nm, 545 nm and 580 nm (9).
In the presence of peroxidase substrates the dominating redox intermediate had spectral features typical for a oxoferryl-type compound II (418 nm, 530 nm and 558 nm). This has never been observed with both wild type KatGs and mutants produced so far. However, the effect of mutation on the overall peroxidase activity was small. Under the assumption that the redox intermediate compound I is part of both the catalase and peroxidase cycle (Fig. 2) these data suggest some loss in the peroxidase activity upon exchange of Tyr249 by Phe, because in wild type KatG an overwhelming catalase activity strongly favours H 2 O 2 oxidation (Fig. 2, Reaction 2) above oxidation of one-electron donors (Fig. 2, Reactions 3 (12, (20) (21) (22) . Thus, the kinetics of Tyr249 compound I formation is typical for heme peroxidases and suggests that formation of KatG compound I follows the Poulos and Kraut mechanism involving the peroxidase-typical distal histidine and arginine residues (23). This is underlined by the recent findings that exchange of the distal histidine or arginine in KatGs strongly effects compound I formation and thus both the overall catalase and the peroxidase activity (8, 11) . By using peroxoacetic acid to oxidize ferric Tyr249Phe KatG identical spectral changes and kinetics were obtained (Fig. 5E ). The bimolecular rate constant was determined to be (8.0 ± 0.3) × 10 6 M -1 s -1 at 15°C and pH 7.0 (Fig. 5D ). Figure 6 shows the 9 GHz-EPR spectra of the It is of note that the magnetic interaction (ferromagnetic exchange coupling) between the porphyrin π-cation radical (Por
EPR spectrum of compound I.
) and the oxoferryl (Fe(IV)=O) moiety is at the origin of the broad and axial EPR spectrum for the compound I intermediate (27) . catalase-peroxidase and assigned to a tyrosyl radical intermediate (14) .
Taken together, the features of the UV-VIS spectrum of the peroxoacetic-acid induced intermediate in the Y249F variant (Fig. 5 ) and the broad EPR signal (Fig. 6 ) are totally consistent with the formation of the oxoferryl-porphyrin radical intermediate. Fig. 2 (12, 28) . Compound III exists as a resonance structure with the ferric ion-superoxide form dominating (12) and is outside of both the catalase and peroxidase cycle.
Compound II formation and reduction. In the presence of a good electron donor the spontaneous decay of compound I is negligible. Most interesting was the finding that the peroxidase cycle of Tyr249Phe was still active and followed the conventional scheme of typical plant-type peroxidases . A red-shifted oxoferryl-type compound II accumulated during the peroxidatic reaction, indicating that its reduction to the ferric enzyme (Fig. 2, Reaction 4 with alkyl peroxides suggest a role of a tyrosyl radical in either the peroxidase or catalase pathways or in both (14) . As the generalized scheme in Fig. 2 shows, protein radicals could contribute to the structure of both compound I and compound II and thus participate in both the peroxidase and catalase cycle. Based on the impossibility to observe a red-shifted compound II in the absorption spectrum of wild type KatG , the existence of such a protein radical site in KatG compound II has been proposed (5, 10, 11, 13) . In order to test if Tyr249 in Synechocystis KatG is a candidate needs further detailed investigations combining multifrequency EPR and deuterium-labeling experiments on Tyr249Phe KatG. Secondly, if considering that Trp122 is essential for the two-electron reduction of KatG compound I by hydrogen peroxide (8, 10) and the presence of a covalent bond between Trp122 and Tyr249 (2), the exchange of Tyr249 could pesumably modify the coordinates of the distal Trp122 and disturb the hydrogen-bond network on the distal side (16) . It is of note that the H-bond network was shown to be necessary for the catalase pathway of the enzyme (16) . However, the 
